Abstract-When an uncollimated radioactive X-ray source illuminates a silicon PIN sensor, some ionizing events are generated in the nonimplanted gap between the active area of the sensor and the guard rings (GRs). Carriers can be collected by floating electrodes, i.e., electron accumulation layers at the silicon/oxide interface, and floating GRs. The crosstalk signals generated by these events create spurious peaks, replicas of the main peaks at either lower amplitude or of opposite polarity. We explain this phenomenon as crosstalk caused by charge collected on these floating electrodes, which can be analyzed by means of an extension of Ramo theorem.
I. INTRODUCTION

S
ILICON p-i-n (or PIN) diodes are still used nowadays for the detection of X-rays [1] . Typical applications include elemental analysis, X-ray fluorescence, and soft X-ray spectroscopy. They consist of a main p + -doped diffused region (in the following, "cathode") surrounded by a p + guard ring (GR) and possibly a few floating GRs, while on the opposite side of the chip a uniform n + diffusion area makes an ohmic contact with the high resistivity n-type substrate. Testing of the functional performance of such PIN diodes includes the measurement of the charge generated by the interaction with the silicon bulk of X-rays emitted by known radioactive sources, e.g., 55 Fe (characteristic X-rays of 55 Mn resulting from decay via electron capture of 55 Fe). Lines K α and K β of such element have an energy of 5.89 and 6.49 keV, respectively. A typical spectrum is shown in Fig. 1 , where the source is collimated on the cathode, i.e., the X-rays interact in the silicon below the cathode only. In the case of an uncollimated source and front illumination, the X-rays enter the silicon also in the gap between the cathode and the GR, and in the gaps between GRs, and it is found that the pulse height spectrum shows replicas of the main peaks, at a fraction of their energy. Furthermore, signals of opposite polarity can also be seen (sometimes also called "negative energy" signals), and these latter events are usually referred to in the literature as inverse polarity pulses (IPPs). We have verified that the same effect does happen for other X-ray emitting sources. The appearance of both fractional energy pulses and IPPs has been reported before for strip sensors, when alpha particles or ions enter into the silicon in the gap between two adjacent strips, see for example [2] - [7] , and it has been correctly attributed to electron collection by the electron accumulation layer that exists at the silicon/oxide interface of nonimplanted regions. This electron accumulation layer, which is created by the positive charge trapped into the oxide, acts as a floating electrode. It creates an electric field pointing away from the interface in a quite shallow region (a few micrometers deep). Thus, electrons generated here by the ionizing event drift toward the interface, as highlighted in Fig. 2 , while holes are collected either by the cathode or by the GR, depending on the point of interaction. Yorkston et al. [2] points out that the reduced-amplitude normal polarity signal on an electrode is in coincidence with an opposite sign signal on the nearby electrode, while simultaneous normal polarity pulses are not seen (with the exception of the rare charge sharing events). The explanation of the phenomenon, however, was not given in terms of Ramo theorem [8] , [9] . This explanation is given in Section III. The experimental setup is described 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. in Section II. Numerical simulations performed in support of the theory are presented in Section IV. Finally, applications of the theory in a couple of other simple cases are presented in Section V.
II. EXPERIMENTAL SETUP In our setup, a single Amptek XR100 detector/preamplifier instrument is used, equipped with a 6-mm 2 cooled PIN diode [10] . The cathode and the surrounding GR of the 6-mm 2 PIN diode can be independently accessed for read out. Two further floating GRs surround the GR, as sketched in Fig. 3 . Two Amptek PX5 digital processors provide filtering following the XR1000. One PX5 is configured for normal positive input and the other one for negative input. In this way, both positive and negative spectra can be acquired simultaneously from the same electrode.
In Fig. 4 , the two spectra (one from each PX5) related to the cathode are shown. The GR was grounded. The 55 Fe radioactive source was not collimated on the cathode, as usually occurs in a spectroscopic acquisition, so a fraction of the events are located between the cathode and the GR, and also between GR and floating GRs. The temperature was set at 260 K, to minimize condensation. The peaking time of the trapezoidal shaping was 19.2 μs and the flat top was 1 μs.
The spectra in Fig. 4 were acquired for 60 min, with calibration peaks, obtained by means of a pulser. Because there could be some difference in gain and offset between the two PX5 processors, both a positive and negative charge calibration signals are used to cross-calibrate the two channels. First, the 55 Fe spectra were acquired, then the source was blocked and the calibration peaks were acquired. From the difference in the peak positions, the gains of the two PX5 are verified to be identical within <0.1%. In Fig. 4(a) , besides the K α and K β and Si-escape peaks, two other peaks are apparent at about mid full energy, which are exact replicas of the main K α and K β peaks. By calibrating the energy through the K α and K β peaks, it can be calculated that the replica of the K α peak is at 3.27 keV, 56% of the 5.89 keV peak, as reported in Table I .
By inspection of the negative polarity spectrum acquired on the cathode shown in Fig. 4(b) , the replica of the K α peak is at 2.61 keV, 44% of 5.89 keV. The fact that the energies of the two replicas sum up to the full energy of the K α is not accidental, and it will be explained in Section III.
In Fig. 5 , the same measurement is reported, but the cathode and the GR connections are switched. In this case, the appearance of multiple low-energy peaks is related to the presence of several floating electrodes: the two GRs and the accumulation layers between them. The peak fits are reported in Table II .
An explanation of the origin of the peaks and a mathematical derivation of their energy will be detailed in Section III. 
III. ORIGIN OF THE LOW-ENERGY SPURIOUS PEAKS
Ramo theorem gives a framework to calculate the current induced by a moving charge on a given electrode while all other electrodes are at a fixed voltage. Gatti et al. [11] considers a system of electrodes interconnected by an arbitrary lumped network of impedances. This can be applied to our case, where the diode is composed by the following electrodes: the cathode (cath), the GR, the back (having a fixed voltage as boundary condition), and the electron accumulation layer (acc) at the interface between the cathode and the GR (being floating, it has a zero current as boundary condition). For the moment, let us not consider the two additional floating GRs and the electron accumulation layers between them. First, let us consider the equivalent circuit in Fig. 6 . When an X-ray event releases energy near the interfacial region between the cathode and the GR (e.g., position 1 in Fig. 3 ), all the holes drift to the cathode and all the electrons to the electron accumulation layer between the cathode and the GR. The signal generated by the carrier transport can be represented by a current pulse qδ(t) between the cathode and the accumulation layer, which acts as a floating electrode. The electrons do not have a path to discharge, and they decrease the voltage of the accumulation layer by v acc = −(q/C acc )U (t), where C acc = C acc→cath + C acc→back + C acc→GR and U (t) is the Heaviside unity voltage step. Eventually, the electrons discharge through the effective punchthrough resistance between the accumulation layer and the substrate contact, of the order of G . The RC time constant is therefore very long and well beyond the shaping time of the acquisition system. The voltage change on the accumulation layer couples capacitively to the cathode via the capacitance C acc→cath .
Being the cathode at virtual ground
Thus, the total cathode current entering the read-out electronics is
In the experiment described above, the GR is also at virtual ground (connected to a charge preamplifier) and a voltage v acc develops across the capacitance C acc→GR . The GR will also experience crosstalk from the voltage fluctuation on the accumulation layer. The GR current will be
The same mechanism is at play for more complex electrode configurations, but the analysis can be more effectively carried out using the modified Ramo theorem as described in [11] . The nodal matrix of admittances is made up simply by the mutual capacitances. Let us take [11, eq. (4) 
where i k is the current induced by the charge q 0 , moving in the silicon with velocity u(t), on electrode k; E k is the weighting field of electrode k, i.e., the electric field obtained by keeping the electrode k at V = 1 V, and all others electrodes (including the floating ones) at V = 0, and − E k · dx = V k is the weighting potential; C kk (the diagonal elements) are the capacitances of the electrode k toward the rest of the world (i.e., the capacitance measured when all other electrodes are grounded), C k→ j = C j →k is the capacitance between electrode j and k; and (dv k /dt) is the derivative of the voltage induced by the charge q 0 on electrode k. Notice that in case of a system of all grounded electrodes, the right hand of the system is null because the voltages are fixed, and (4) reduces to Ramo theorem.
Since the cathode, GR, and back are grounded, (dv k /dt) is zero for these electrodes and since the accumulation layer is floating i acc = 0. The system simplifies to
Leading to the final result
Since the voltage on the floating electrode (the accumulation layer) is varying as the charge q 0 moves in the silicon, a (displacement) current is induced on the other electrodes. Circuitwise, it consists of a crosstalk current generated by the varying potential on the floating electrode, and it is proportional to the mutual capacitance. Let us apply the formulas (6) to an event that generates a charge q 0 of holes and a corresponding charge −q 0 of electrons under the Si/oxide interface, in the gap between cathode and GR, so that the holes drift (and are collected) to the cathode and the electrons drift to the electron accumulation layer (position 1 in Fig. 3 ) and stop there for a time much longer than the measurement time.
The charge induced on the cathode by the motion of the holes can be calculated by integration of the current from the time t = 0 (at which the event occurs) to infinity, and remembering that u(t)dt = d x q cath,h
where in this notation, V h cath [t] is the value of the weighting potential of the cathode at the position where the holes are 
Since the holes and the electrons are generated at t = 0 at the same point,
, and the contribution of the initial states V k [0] sums out to zero. Therefore, the charge is
This accounts for the peak at energy 3.27 keV in Fig. 4(a) . The charge induced on the GR by the holes is
where since the holes are collected at the cathode, both V h GR [∞] and V h acc [∞] = 0. The charge induced on the GR by the motion of the electrons is
where since the electrons are collected at the accumulation layer, V el
and this is the peak of opposite polarity (IPP) in Fig. 5(b) . A similar calculation gives for the back electrode
So, GR and back end up with IPPs, while the cathode ends up with a reduced amplitude but normal polarity pulse.
Notice that in the case of hole collection by the GR (position 2 in Fig. 3) , the cathode will end up with an IPP (15) which is the peak in Fig. 4(b) when the preamplifier was set to acquire a negative signal. As mentioned in Section II, it should be noted that the positive replica of the main peak in Fig. 4 is at 56% of the energy of the main peak, while the IPP is at 44% of the main peak, and (10) and (15) justify this finding.
In the same case of hole collection by the GR, the GR will collect a charge
Since the IPP K α peak from the GR stays at 2.62 keV (Table II) , we expect these normal polarity events in a peak at 5.89 keV − 2.62 keV = 3.27 keV. By inspection of Fig. 5(a) , it is clear that this peak, if present, is embedded in the peak K β 3, and is therefore invisible. We claim that the peak at energy 2.88 keV, labeled as K α 3, and the peak at energy 3.18 keV, labeled as K β 3, are due to events for which holes are collected by the GR and electrons by the electron accumulation layer between the GR and the first floating GR (position 3 in Fig. 3 ). In fact, the peak K α 3 has too low an energy and too high a number of events to be K α 2. This hypothesis will be substantiated by the simulations in Section IV. In the case of multiple (n) floating electrodes, the system rapidly increases in complexity. However, if the capacitances between the floating electrodes are small, we can write the current induced on the cathode as
and similarly for the other electrodes connected to a fixed potential.
As a further example and in the framework of the approximation above, if the electrons are collected by the floating electrode "acc i " and the holes are collected by the floating electrode "GR j " (as in positions 4, 5, and 6 in Fig. 3 ), the charge collected by an electrode "k" will be
The cathode has a negligible capacitance toward the outermost floating electrodes, since the GR is grounded and acts as a shield, so these events will generate small signals on the cathode and can be lost in the noise pedestal below 0.5 keV in Fig. 4 . As far as the GR is concerned, only events for which holes are collected by the second floating GR and the electrons by the substrate (as in position 7 in Fig. 3) give not negligible signals, which give origin to the peak at energy 1.70 keV, labeled as K α 7 in Fig. 5(a) . 
IV. NUMERICAL SIMULATIONS
To visualize the current pulses that develop at the cathode and at the GR in response to an ionizing event occurring at different positions in the silicon, we have performed 2-D numerical simulations of a simplified silicon PIN sensor using a commercial TCAD program [12] . The simulated structure retains the main features of the sensor used for the spectra acquisitions, but limits the number of nodes by making the simulated device much smaller than the real device. The actual dimensions simulated are not important to visualize these effects, which apply to any geometry. The simulated structure consists of a cathode, a GR (both grounded), one floating GR, accumulation layers (acc 1 and acc 2) between these electrodes, and the substrate, which is biased to overdepletion voltage. The electron accumulation layers are induced by a positive fixed charge at the Si/oxide interface. No electron trap has been placed at this interface, and the physical models used in the simulation are the default ones. For each simulation, the same ionizing event is created but in different positions (as shown in Fig. 7) . The charge is generated at t = 0 with a Gaussian distribution along a 1-μm long line, and placed within the silicon bulk on a specific position, chosen so that all the electrons and all the holes drift to (different) welldefined electrodes. By placing the 1-μm long line of charge very close to an accumulation layer, where the electric field points away from it, electrons are made to drift to that accumulation layer only, while no electron drifts to the substrate. Being the line of generation much closer to one p + implant than to another, all the holes drift to the closest p + implant. The current pulses in the cathode and in the GR resulting from the drift of such charges are then numerically integrated over time, to get the total charge collected by these two electrodes.
If q 0 /q electron/hole pairs are created in position 0, holes drift to the cathode and electrons drift to the substrate. As can be seen in Fig. 8 (position 0) , a unipolar signal, whose integral is the total charge q 0 deposited in the silicon substrate by the event, develops on the cathode, while a bipolar signal with null integral develops on the GR.
1) Case 0
In the case of an event generated in position 1/2 of Fig. 7 , holes drift to the cathode/GR, while the electrons drift to the accumulation layer "acc 1" between cathode and GR. According to (10) and (13), the expected charge collected by the electrodes is (neglecting the capacitance between the accumulation layer 1 and the other floating electrodes) Fig. 8 . Simulated current pulses at the cathode (solid lines) and at the GR (dashed lines) for the ionizing event producing charges in one of the six spots depicted in Fig. 7 . The y-axis is the same for all the six plots.
2) Case 1
3) Case 2
In both cases 1 and 2, a clear IPP is observed at the electrode that does not collect the holes (Fig. 8) . The integral of these pulses is reported in Table III . As can be seen, the collected charge is about half of the full charge, and these events account for the main spurious peaks, negative and positive, as in the measurements of Figs. 4 and 5(b) [while the normal polarity events at the GR are too few to be seen in Fig. 5(a) ]. Moreover, the absolute values of the charge collected in positions 1 and 2 sum to the full charge, for both the cathode and the GR. In the case of an event generated in position 3/4 of Fig. 7 , holes drift to the GR/floating GR, while the electrons drift to the floating accumulation layer "acc 2" between the GR and the floating GR. Being the capacitances of both the floating GR and the accumulation layer toward the cathode negligible, due to the shielding action of the GR, the signals at the cathode are pretty small, as can be seen in Fig. 8 (positions 3 and 4) . Events generated in position 3 in Fig. 7 can account for the peak K α 3 in Fig. 5(a) , which has slightly less energy than the peak K α 2, since we expect that (C GR→acc2 /C TOT acc2 ) > (C GR→acc1 /C TOT acc1 ), because of the much larger width of the GR with respect to the floating GR. Events generated in position 4 in Fig. 7 are relatively smaller and are likely lost in the noise pedestal in Fig. 5(b) . Finally, if the event is in position 5, where holes are collected by the floating GR and the electrons by the substrate, we expect a nonnegligible signal at the GR, as can be seen in Fig. 8 (position 5 ). These events likely account for peak K α 7 in Fig. 5(a) .
V. APPLICATION TO OTHER CASES
We now show how this approach can solve rigorously situations commonly encountered.
A. AC-Coupled Microstrip Sensors
Let us take the case of an ac-coupled microstrip sensor. The p + implant of each strip can be biased by punchthrough by a close by bias ring (at ground) [13] - [15] . Above the p + implant and separated by an insulator stack, there is a metallized strip (the ac-strip), almost matching the geometry of the p + strip (Fig. 9) . The front-end electronics is connected to this metallization. The capacitance C ac between this metal and the p + strip, is engineered in such a way to be much larger than the capacitance of the p + strip toward the back (C p→back ) plus the capacitance of the p + strip toward the other p + strips (C interstrip ).
Let us define C p as the capacitance of the p + strip toward the rest of the world (
Let us calculate the induced signal at the ac-strip, in response to an X-ray which generates a charge q 0 into the substrate, so that interface effects can be neglected and holes drift to the floating p + implant and electrons to the (n + ) back contact.
For the holes we get The net charge induced on the ac-strip that can be collected by the read-out electronics is thus
which is the expected result.
B. Capacitive Charge Division Read Out in Microstrip Sensors
Let us consider a linear array of equal equidistant strips. Let us assume, for example, that every third strip is connected to the read-out electronics, while the other two intermediate strips are floating (Fig. 10) . Let us use the usual approximation that the capacitance between any two contiguous strips is always equal to C, and that the capacitance toward the back and the other strips is negligible.
The circuit equations are ⎛ ⎜ ⎜ ⎝
and this system can be solved analytically. Using the second and third equations, one can compute the derivative of the voltages on the floating nodes (2 and 3)
and using the first and fourth equations one can compute the currents into the preamplifiers connected to strips 1 and 4 ⎧ ⎪ ⎨ ⎪ ⎩
Again, as in the case before, let us calculate the induced signal at the read-out strips, in response of an X-ray which generates a charge q 0 into the substrate, and holes drift to the p + strip 2 and electrons to the (n + ) back.
The charge induced by the holes on read-out strip 1 is
